conformation forms a complex with RF1 or RF2 off the recycles RF1 and RF2 has been clarified and incorporibosome and accelerates their association to a stop rated in a complete scheme for translation termina- how RF3 can rapidly recycle between ribosomes without
excessive idling GTPase activity. Most G proteins work over release complex, where only RF2 had to recycle between ribosomes. When RF3 was in excess, GDPNP as molecular switches between an "active" conformation induced by GTP and an "inactive" GDP conformastimulated recycling of RF2 almost as well as GTP ( ϭ 3.7 s with GDPNP and ϭ 1.4 s with GTP). In contrast, tion. The return of monomeric G proteins from the inactive GDP conformation to the active GTP conformation when RF3 was present in a small amount, the cycle time of RF2 was short in the presence of GTP ( ϭ 2.2 s), but is frequently catalyzed by a guanine exchange factor (or GEF, see Bourne et al., 1991; Sprang and Coleman, considerably longer ( ϭ 29 s) in the presence of GDPNP. This suggests, first, that dissociation of RF2 from the 1998). For example, protein elongation factor EF-Tu requires elongation factor EF-Ts for rapid exchange of ribosome is stimulated by RF3 together with GTP (or GDPNP) and that no GTP hydrolysis is required at this GDP for GTP. However, no GEF factor has so far been identified for the translation factors IF2, EF-G, RF3, or stage. Second, since strong stimulation of RF2 recycling can be carried out by catalytic amounts of RF3 in the eRF3. It has been suggested that a domain in eRF3, rather than a separate GEF protein, catalyzes guanine presence of GTP but not GDPNP, hydrolysis of GTP must be required for recycling of RF3 itself. nucleotide exchange during its cycle (Kisselev and Buckingham, 2000 ).
This conclusion is further supported by a more detailed inspection of the curves in Figure 1 . When RF2 In this study, we have taken advantage of an in vitro translation system with components of high purity and recycling was monitored in the presence of GDPNP with release complex in excess over RF3, and with RF3 in with fully active ribosomes programmed with heteropolymeric mRNAs (Rodnina and Wintermeyer, 1995; excess over RF2, there was a large difference between the initial (I) and later (II) parts of the time curve. The Freistroffer et al., 1997). This has been used to clarify the role of GTP in translation termination and to show extent of RF3-dependent stimulation of release of peptide (part I) corresponds exactly to the added amount that the missing GEF for RF3 is a posttermination ribosomal complex. These findings reconcile many preof RF3. At longer times (part II), RF2 recycled almost as slowly as in the absence of RF3. This suggests that RF3 viously incompatible observations. They show that ribosome-dependent GTP hydrolysis on RF3 can be greatly in the presence of GDPNP remains ribosome bound for a long time after dissociation of RF2 and, furthermore, stimulated by RF1 or RF2 and explain how idling GTPase activity of RF3 is avoided in the cell.
that GTP hydrolysis drives RF3 from a conformation with strong binding to the ribosome to one with weak binding. Indeed, in the presence of GDP there was no significant Results stimulation of RF2 recycling either at high or at low concentration of RF3 (Figure 1 ), and the inhibition by Recycling of RF1 or RF2 Requires RF3 and GTP, RF3 of RF2 recycling observed in the absence of guanine but Recycling of RF3 Requires GTP Hydrolysis nucleotide was abolished. This indicates that the addiThe development of an in vitro protein synthesizing systion of GDP leads to the release of RF3 in a complex tem with purified components and able to translate short with GDP with low affinity for the ribosome. A closely synthetic messengers has allowed the synthesis and similar set of data to those shown for RF2 in Figure 1 purification of release complexes in which the ribosome was obtained for RF1 (data not shown). is paused with a peptidyl-tRNA in the P-site and a stop codon in the A-site. These complexes can be used to study the enzyme kinetics of the termination reaction RF3 The difference of about a thousand-fold in the affinity of GDP and GTP for free RF3 ( ., 1998) . Now, we demonstrate that GDP binds three orders of magnitude more strongly to RF3 than GTP, implying that free RF3 must be in the GDP form. Furthermore, we show that rapid exchange of GDP for GTP occurs only when RF3 interacts with a release complex carrying RF1 or RF2, and is sufficient to promote their rapid dissocia- . Our finding that the three cases is shown in Figure 6A , and the corresponding Scatchard plots are displayed in Figure 6B . free RF3 must be in the GDP form (Figure 2 ) and the outcome of the GDP exchange experiments in Figure 3 Extrapolation to the abscissa shows that about 10% of the release complex ribosomes bound RF3•GDPNP at show that step III is binding of RF3•GDP to the ribosome and step IV rapid release of GDP. Dissociation of GDP saturating levels of free GDPNP before release of the peptide, and that the number of binding sites increased leads to the previously identified stable, guanine nucleotide free complex between RF3 and RF1 or RF2 on the 7-fold following peptide release. At the same time, the apparent K D value remained essentially unaffected (39 ribosome (Freistroffer et al., 1997; Pel et al., 1998). We can now conclude that this ribosomal state is physiologinM before and 49 nM after removal of the tetrapeptide). We interpret these data to mean that RF3 in the GTP cally relevant, and we suggest that its thermodynamic role is to drive RF3 into a structure that allows rapid conformation cannot bind to ribosomes with peptidyltRNA in the P-site. The residual binding of GDPNP to dissociation of GDP. Erroneous termination at sense codons by RF1 or RF2 can be significantly stimulated ribosomes seen before removal of the tetrapeptide may be accounted for by the observation that about 15% of by high concentrations of RF3 (Freistroffer et al., 2000) . Two major functional differences have in the past been identified between RF3 and eRF3. The first is that eRF1 step (VII), GTP is hydrolyzed on RF3, which leads to dissociation of the factor in GDP conformation with low and eRF3 can form a stable complex off the ribosome (Zhouravleva et al., 1995), while no significant affinity affinity for the ribosome. This ends the termination process and leaves the ribosome in a state from which it between free RF1 or RF2 and RF3 has been demonstrated (Nakamura et al., 1996) . However, the imporcan be recycled back to initiation by RRF, EF-G, and IF3 (Karimi et al., 1999) . 
